In this paper, we analyzed productivity catching up at the firm level in the Japanese, Korean, Taiwanese and Chinese manufacturing sector using the distance from the global technological frontier as a direct measure of the potential for technological frontier. We also examined the role of the absorption capacity for the technological catch-up by including the variables, such as R&D expenditure and foreign ownership in our empirical estimation model.
Introduction
In Japan, Korea, Taiwan, China and other East Asian countries, the expansion of foreign direct investment and the growth of China's economy have created a rapid increase of international trade and the division of labor. Korean firms such as Samsung Electronics and Hyundai Motor are now rapidly catching up with Japanese manufacturing firms. Meanwhile, through the conclusion of negotiations on a US-Korea Free Trade Agreement (FTA), the potential conclusion of the ongoing negotiations on a Japan-Korea FTA, and China's fulfillment of her World Trade Organization commitments, liberalization of the Chinese and Korean markets will continue. Against this background, the question of which industries and what type of firms will be able to thrive following such liberalization is becoming a hot topic in these two countries. Although how far Korean and Chinese firms have caught up with Japanese firms is an important question, very little research has been done on this topic.
The recent empirical and theoretical literature emphasized that the improvement in the productivity in the foreign countries can have positive impact on the domestic productivity and the catch up. Cameron, Proudman and Redding (2005) evaluate the role of technological transfer in explaining productivity growth at the industry-level in the United Kingdom since 1970. They found that R&D affects rates of UK productivity growth through innovation, while international trade facilitates the transfer of technology. Van Reenen (2003, 2004) have examined both theoretically and empirically the role of R&D on the stimulating innovation, and the absorption capacity and convergence. They find evidence of R&D effects on both rates of innovation and technology transfer by using a panel of industries across twelve OECD countries. Kneller and Stevens (2006) investigate whether absorptive capacity helps to explain cross country differences in the technical efficiency. They empirically found that absorption capacity provides the useful explanation of the difference in industrial productivity between OECD countries. They claimed that human capital affects the production both directly and through its indirect effect through efficiency.
More recently, utilizing micro data, the divergence or convergence of productivity among firms has been intensively scrutinized, providing us with insights into the mechanisms underlying productivity convergence or divergence across countries. The large body of literature on micro-level productivity has shown that firms' managerial ability, use of technology, human capital, competitive pressure, and technology diffusion or spillovers are important determinants of productivity levels and productivity growth.
1 On the other hand, empirical studies focusing on the connection between aggregate and micro productivity growth have examined the 1 For a comprehensive literature survey on this issue, see Bartelsman and Doms (2000) .
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contribution of resource reallocation across firms to aggregate productivity growth, based on the idea that aggregate productivity grows faster if more inputs and output are allocated to high-productivity firms and less to low-productivity firms.
However, the number of micro-level productivity analyses from an international comparative perspective is very limited. 2 Most recent micro-level studies compare productivity levels or growth within a country or examine whether non-frontier firms within the country are catching up with national frontier firms. Unfortunately, such studies on individual countries remain silent on whether productivity across countries is converging, since they cannot identify the global technology frontier that is the hypothesized source of knowledge spillovers. A small number of pioneering works on the international comparison of productivity and firm dynamics based on micro data do exist, such as Bartelsman, Scarpetta and Schivardi (2003) and Scarpetta (2004, 2005) , which attempt to explore the country-specific factors that affect aggregate patterns of productivity growth. Although the coverage of the datasets of these studies differs across countries, they do manage to compile comprehensive firm-level data covering almost all firms in manufacturing and other industries.
Unfortunately, however, Japan and China are not analyzed in these studies. Although Korea is included in the study by Scarpetta (2004, 2005) , no TFP analysis for Korea is conducted.
In this paper, we analyzed productivity catching up at the firm level in the Japanese, Korean, Taiwanese and Chinese manufacturing sector using the distance from the global technological frontier as a direct measure of the potential for technological frontier. Although most of the previous studies regard the US as the global productivity leader, we do not have a micro-data suitable for the measurement of the TFP in US firms. Hence we assumed the average of the TFP of firms within the top-duodecimal of the TFP distribution within four countries by industry and year as a global frontier. We also examined the role of the absorption capacity for the technological catch-up by including the variables, such as R&D expenditure and foreign ownership in our empirical estimation model.
Our main results can be summarized as follows. First, although Japanese firms enjoy the highest average TFP level in many industries, their TFP growth rate has been relatively low during the past two decades. Taiwanese and Korean firms have achieved considerably high TFP growth in certain industries, and the some firms in the industries almost caught up or exceeded the Japanese firms' TFP level. The average TFP level of Chinese firms is still much lower than that of Japanese, Korean and Taiwanese firms in many industries. Second, in Korea, the TFP levels of low-performing firms are approaching those of the national frontier firms at a more rapid pace than in other countries. In addition, Korean firms try to catch up the global frontier once they reached to the national frontier level TFP. Chinese firms are very slow in catching up and the only engine of the knowledge creation is firms located in the trade-oriented coast. Third, in the all four countries, the speed of the convergence of the firms far from the national frontier is faster than the firms near the frontier.
The remainder of this paper is organized as follows. Section 2 explains the estimation method used for the international comparison of firm-level TFP in Japan, Korea, Taiwan and China. Section 3 discusses the data we use in our empirical analysis in the next section and in Section 5 econometric results are presented and a final section concludes and makes suggestions for the future direction of international comparative studies on productivity growth and convergence.
2. Comparing Firm-Level TFP in Japan, Korea, Taiwan and China: Methodological Issues 2.1. Estimation of Firm-Level TFP in Japan, Korea, and China
As a first step, we estimated each firm's TFP level relative to the industry average TFP level in its country. We used the Multilateral TFP Index method developed by Good, Nadiri and Sickles (1997) . 3 The adoption of this method makes possible not only cross-sectional comparisons but also time-series comparisons of firm-level TFP. Suppose that the data cover a period from t=0 to T and t=t 0 (0<t 0 <T) is the benchmark year. In this method, the TFP level of firm f in industry j of country m in year t, TFP f,t,j,m is calculated by S  Q  Q  TFP   1   ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  , S  Q  Q  TFP   1 1   ,  ,  1  ,  ,  ,  ,  ,  ,  1  ,  ,  ,  ,  1   ,  ,  1  ,  ,   1   ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,   0  0   ln  ln  2   1  ln  ln   ln  ln  2   1  ln  ln  ln   (2) for t>t 0 , and 
for t<t 0 , where ln Q f,t,j,m stands for the real output (real sales) of firm f in year t, and ln X f,i,t,j,m represents the natural logarithm of real input of production factor i of firm f in year t. Since there are three types of production factor -capital, labor, and intermediate input -the n for the sigma notation is 3 in this case. S f,i,t,j,m is the cost share of production factor i at firm f in year t. The first line of equation (2) calculates the deviation of the TFP level of firm f from the average firm-level TFP in a given year, while the second line calculates the sum of the annual changes of the industry average of TFP from the benchmark year. The set of these two calculations makes it possible to conduct both a time-series and a cross-section comparison of firms' TFP levels. 
where p l,t,m stands for the price of investment good l in year t in country m, u t,m is the effective corporate tax rate, R B,t,m is the long-term government bond rate, R L,t m is the long-term lending rate, λ f,t,j,m is the own-capital ratio of firm f, and δ l,m is the depreciation rate of asset l in country m. Meanwhile, z f,l,t,j,m is the expected present value of tax saving due to depreciation allowances on one unit of investment, which was obtained using the following equation:
We obtain the cost for materials and labor from the financial statements of each firm.
The cost shares of the three production factors differ substantially in the three countries. Tables 1 to 3 show changes in the cost share of each production factor for the manufacturing and non-manufacturing sectors in Japan, Korea, Taiwan and China. While in Japan, the cost share of each production factor remained relatively stable, in Korea, the cost share of capital The UVR on an industry basis is derived from the UVR on a product basis through the weighted average using the weight of each product in the total output of a particular industry as ntry A and country B in industry j is calculated as follows:
where S j denotes the number of products in industry j, while ω s,j denotes 
Methods for International Comparison of Firms' TFP Level
In this subsection, we explain our method for comparing firm-level TFP across countries.
The most straightforward way to compare the productivity of firms in the three countries is to convert the value of output, intermediate input and capital assets into the same currency unit, for example, the Japanese Yen value in a certain year, and to pool the data of all listed firms in the same industry across the three countries and directly apply Good, Nadiri and Sickles' method, that is, measure each firm's TFP level by equations (1), (2) 
995 prepared by Institute of Devel ting from differences in educational backgrounds are not controlled for. At this point, we do not have sufficient information for oping Economies-Japan External Organization, we estimated purchaser prices instead of producer prices and used this estimation as purchase price PPP.
For capital input PPPs, assets were divided into structures, machinery and vehicles. For structures, we used the production PPP for construction; for machinery, we used the simple average of the production PPP for the general machinery, electric machinery, and precision machinery industries; and for vehicles, we used the simple average of the output PPP for the motor vehicle and other transportation equipment industry.
8 As for labor input, work hours are directly compared and differences of labor quality resul estimating labor quality at the firm level in each country. 
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TFP growth in the manufacturing and the non-manufacturing sector is calculated as the average of firms' TFP growth weighted by their output share in their respective sector.
9
Chine 5 period, mainly because of the large decline in Oil and Gas Extract n Sector's TFP in China. Chinese firms enjoyed very high ROA, even they suffered from low TFP level.
in other three countries.
In the machinery industry (Figure 3 ), due to high TFP growth rates in Taiwanese Among three countries, Japan firms' ROA is lower than that in Korea and China both in the manufacturing sector and non-manufacturing sector. Japanese firms' TFP level is higher than the two countries, low ROA in Japanese firms mainly dues to the high capital labor ratios and low capital revenue ratios in Japanese firms. In Korea, ROA is declining very rapidly from 
Data for the Estimation
As described in the TFP estimation method in the above, the level of TFP of firms is in logarithmic value. The dependent variable, one-year growth rate of TFP of a firm, is defined as the difference in the firm TFP levels between this period and the next. We defined and measured two kinds of productivity frontier, that is, East-Asian frontier, and National frontier. First we divided all the firms into four groups according to their TFP level of the year by country and industry, and took the average of the TFP level of top group to define the values as national frontiers. As for the East-Asian frontier, we assumed it to be similar to the national frontier of Japan in all the industries in a earlier version of this paper. But since we found that in some industries, the national frontier of Korea, China and Taiwan is higher than that of Japan, we defined the East-Asian frontier in a different way in this version. First we divided all the firms of China, Korea, Taiwan and Japan into sixteen groups (intuitively four groups for each country) according to their productivity level, and defined the East-Asian frontier as the average TFP level of the top group firms.
The distance of each firm to the national frontier (East-Asian frontier) is measured as a difference between the firm's TFP level and the average TFP for that national (East-Asian) top group.
Other explanatory variables are defined and measured as follows. Firm age is measured as the year difference between the establishment year and the current year. As for the Chinese firms, since the information on establishment year is not available, the difference between the year of listing and the current year is used. We include in the Chinese estimations a dummy variable which takes the value of 1 when the firm is located in the coastal area and 0 otherwise.
The ratio of the foreign ownership is measured as the ratio of the number of the stock owned by foreigners over the total number of the stock issued. R&D intensity is measured as the ratio of R&D expenditure over sales. We assumed that the firms which do not report R&D expenditure are not R&D performers. Export ratio is defined and measured as the ratio of the total volume of exports over sales. We also assume that the firms not reporting exports are not exporters. 11 We also define a business group dummy variable that takes the value 1 when a firm is an affiliate of one of the top 30 business groups and 0 otherwise. These last two variables are used only in the estimation with Korean data.
Our estimation will also include as explanatory variables the products of these variables with the distance to the national frontier and the distance to the East-Asian frontier.
As a robustness check, we also measure R&D intensity and export ratio as their difference from the industry averages.
In our sample, since some firms report implausibly high or low TFP growth rates, we trimmed the upper 2.5% and the lower 2.5% observations for every country and every manufacturing industry.
Model and Estimation Procedure
In this section, following the methodology employed by Bartelsman, Haskel and Martin Therefore, we may write:
where X f are the physical inputs into the idea process. Log linearizing this yields:
where it is usual to impose α 2 =α 3 , so the overall growth of A only depends on the relative levels of A _f and A f . As in Bartelsman, Haskel, and Martin (2006) and other studies in the convergence literature, we identify A _f as the productivity level of the leading firm in a nation or the four countries. We refer the average productivity level of the top-quartile firms as the national frontier, A N . The term ln(A N /A f ) indicates the productivity gap between the national frontier and 11 Since report on R&D and export was not compulsory in Japan and Korea, those variables may include serious measurement error.
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firm f. We refer to the average TFP of firms within the top-duodecimal of the TFP distribution across the three countries by industry and year as the global frontier, A G .
Using firm-level TFP as a proxy for firms' knowledge capital, we can estimate the version of (5) given by: 1 2 2 ln ln ln ln
where α 2 measures the pull from the frontier. If the marginal effect of technology spillovers or diffusion is larger for firms with a low TFP level, 12 the value ofα 2N andα 2G will be positive and we will see a catching-up of low-productivity firms both to the national and global frontiers. We include a proxy for investment in knowledge creation such as R&D intensity (data is available for Korea and Japan), firm age, export ratio (data is available only for Korea) and a dummies for the firm within corporate group in Korea and for the firm located in the coastal region in China.
In addition, we include the growth potential of the industry to control for industry characteristics.
The growth potential is measured as the average growth rate of both global and national frontiers. We also consider the possibility that  2N and  2G vary linearly with the (log) distance and estimate the equation below. 
A second approach is to let  2N and  2G be functions not of distance but of absorption capacity proxies at the firm level such as R&D, exports, age, MNE status and coastal location.
Estimation Results
The estimation results of equation (6) are shown in Table 11 . Here we only include the firm's age as a proxy for investment in knowledge creation. Column 1 shows the results for the complete sample of firms (in the three countries). The marginal pull from the national frontier is 0.277 and from the global frontier is 0.006, respectively. In order to examine whether the pull from the national frontier and global frontier is different among countries, we estimated the equation (6) for each country (China, Japan, Korea, and Taiwan) separately. The result is shown in column 2, 3, 4 and 5 and indicates that the marginal impact of the national frontier is largest for Korean firms, followed by that for Taiwan, China and then Japanese firms. This result suggests that the convergence speed to the national frontier is the weakest for Chinese firms. Table 12 shows the estimation results of equation (7). We allow the marginal impact of distance to frontier (DTF) to vary by simply allowing the marginal impact to vary linearly with DTF, which implies entering a linear and squared term. As column 1 shows, the effect of National DTF is increasing with distance, with both positive in linear and squared terms.
We substitute equation (8) and (9) into equation (6) and estimate the obtained equation in order to capture the effect of absorption capacity on the catching up to the frontier. Here we include R&D intensity (data is available for Korea and Japan), firm age, export ratio (data is available only for Korea), dummy for the firms in the corporate group in Korea and dummy for coastal location in China as proxies for investment in knowledge creation and the absorption capacity. As in Table 13 , coastal location plays a significant role for the creation but not the foreign-owned multinational status in China. The firm's age has a positive impact on the catching-up to the global frontier. Colum 2 in Table 13 shows the results for Korean firms. The participation in corporate group contributes to the increase in the absorption capacity when the firms are trying to catch up to the global frontier, but it is not the case for catching up to the national frontier. Export activity contributes negatively to the catching up to the global frontier in Korea. In addition, firm's age has a positive impact on the creation of the knowledge, but a negative impact on the catching up.
In order to take into account the possible multicollinearity problem between the explanatory variables, we estimated the catch-up model with absorption capacity while dropping the various explanatory variables one at a time (results are in Table 14) . We obtained virtually unchanged results in Table 13 . In case of Japan, R&D intensity has a positive impact on the knowledge creation and the foreign participation contributes positively to the catching up to the global frontier. As a robustness check, we define R&D intensity and export ratio as difference to the industry averages. The results are reported in Table 15 and Table 16 and again we get similar results to those in Table 13 and Table 14 . C h i n a J a p a n K o r e a T a i w a n (Source) Authors' calculation Electrical machinery C h i n a J a p a n K o r e a T a i w a n (Source) Authors' calculation Motor vehicles
Table 7 Definitions
Variables Definition g1lnTFP 1 year growth rate of TFP from the current period to the next period GAfrontier 1 year growth rate of East Asian frontier GNfrontier 1 year growth rate of National frontier Ndist log distance of the TFP level from the National frontier Gdist log distance of the TFP level from the Global frontier ratio_foreign the ratio of the stock owned by foreigners Dcoast Dummy variable denoting whether the firm is located on a trade-oriented coast exportratio the ratio of export over the gross sales dexportratio =export ratio -industry average of export ratio rndint R&D intensity drndint = R&D intensity -industry average of R&D intensity Dgroup Dummy variable denoting whether the firm is a affiliate of the top-30 business group in Korea 
Concluding Remarks and Implications for Future Research
Using firm-level data, this paper investigates the productivity convergence pattern for Japan, China, Taiwan and Korea. The mechanism of productivity convergence to frontier firms within a country and across countries is an issue that deserves further attention and more rigorous empirical analysis. Although the compilation of international micro data for East Asian countries is not an easy task, the development of internationally comparable measures based on micro data could shed more light on the growth mechanisms underlying the so-called "East Asian economic miracle," as well as the determinants and consequence of the heterogeneity of firms.
Our convergence analysis revealed that the pull from the national frontier was stronger in the case of Korea than that of Taiwan, China and Japan. In every country, lower-performing firms have been catching up to the national frontier at a faster speed than higher-performing firms, which provides evidence of strong convergence toward the national frontier. The Korean firms once reached to their national frontier, they continue to try to catch up toward the global frontier. In addition, the participation in corporate group contributes to the increase in the absorption capacity when the firms are trying to catch up to the global frontier, but it is not the case for catching up to the national frontier. In China, the engine of the knowledge creation is firms located in the trade-oriented coast and the firm's age has a positive impact on the catching-up to the global frontier.
In this study, we were not able to analyze the productivity of global frontier firms because comprehensive firm-level data were not available for the United States and for European countries. A comparison of the performance and/or competition between Asian frontier firms and frontier firms in developed countries from other regions would be another interesting research topic which deserves further investigation.
